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ABSTRACT

Data for 21 years (1957-77) of North Pacific rawinsondes were examined to investigate the interaction
between the synoptic-scale circulation and tropical cyclones prior to, and during, the recurvature process. This
study is believed to be the first to quantitatively examine how the environmental wind fields at all levels of the
troposphere are related to tropical cyclone motion prior to, and during, recurvature. For tropical cyclones that
recurve, significant changes in the upper-tropospheric zonal wind fields were observed 1-2 days prior to beginning
recurvature in the environmental sector northwest of the storm. Cyclones actually began to recurve when
positive zonal winds (westerlies) penetrated the middle and upper troposphere to within 6° of the cyclone’s
center. Tropical cyclones that did not recurve consistently showed negative zonal winds at this radius.

From the results of this study, a recurvature forecasting scheme was developed that uses environmental wind
field data for the region northwest of the cyclone. This recurvature scheme was tested on 55 tropical cyclones
that developed in the northwest Pacific during 1984-86. In general, the movement of these cyclones was found
to be fairly well related to the mid- and upper-tropospheric wind fields in areas north, northwest, and west of
the cyclone. This recurvature scheme was also applied in real time as part of the Tropical Cyclone Motion
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Experiment during the summer of 1990 in the northwest Pacific, and was found to show promising results.

1. Introduction

It is well known that, to a large extent, the large-
scale environmental wind fields surrounding a tropical
cyclone act to govern the motion of the cyclone. Com-
plications in assessing the environmental steering flow
arise when westerlies associated with a midlatitude
trough appear to the north and west of the cyclone.
Previous research by George and Gray (1976 ) showed
that when the upper-tropospheric (200 mb) zonal
component of the environmental wind field in areas
8°-20° poleward of the cyclone was positive and
strong, the cyclone was likely to begin turning to the
right of its previous westward track and, thereby, re-
curve. Guard (1977) employed the results of George
and Gray to improve forecasts of recurvature and mo-
tion changes for northwest Pacific cyclones. Guard
found that in the presence of 200-mb patterns with
characteristics similar to those of George and Gray’s
study, 75% of westward-moving cyclones underwent
recurvature, with the remaining 25% tending to con-
tinue moving westward.

Gentry (1983) also showed that the current location
of westerlies in relation to the cyclone governed sub-
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sequent track changes. Gentry found that when the
mean upper-tropospheric (~200 mb) zonal wind
1500-2000 km northwest and west of the cyclone ex-
ceeded 20 m s™!, 80% of the cyclones recurved before
traveling more than 12° longitude farther west. This
result is similar to Guard’s results in that about the
same percentage of the cyclones in Gentry’s study ac-
tually recurve when strong westerlies were located at a
specified radius poleward of the cyclone.

It has been inferred from these studies that although
positive 200-mb zonal winds to the north and west of
the cyclone are a prerequisite for recurvature, they are
not a sufficient condition for recurvature to actually
occur. It is likely that westerly winds must penetrate
both closer to the center of the cyclone and downward
through the midtroposphere to cause recurvature to
commence. This paper examines more closely how the
zonal component of the environmental wind field in-
teracts with the outer (6°-8°) circulation of the cyclone
prior to, and immediately after, the cyclone begins the
recurvature process.

We begin (section 2) with a brief description of the
rawinsonde datasets and compositing procedures used
in the study, and then make an extended discussion of
the results in section 3. In section 4, we apply these
results to describe a simple objective recurvature fore-
casting scheme based on observed values for a recur-
vature potential that is derived from environmental
flow data for areas adjacent to the west Pacific tropical
cyclones.
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FI1G. 1. Locations of the 42 northwest Pacific rawinsonde stations used in this study.

2. Methodology
a. Composite analysis

The environmental wind fields associated with the
recurvature of tropical cyclones' have been analyzed
for 21 years (1957-77) of northwest Pacific rawinsonde
data (Fig. 1). Rawinsonde data were used to study re-
curvature for the following reasons. 1) Rawinsondes
provide data for all levels of the troposphere and lower
stratospheré. By analyzing data gathered by rawin-
sondes, detailed analyses of wind fields at all levels of
the troposphere can be accomplished. 2) Rawinsonde
data are the actual data that weré measured relative to
the cyclone. Hence, unlike many cyclone steering
studies that are based on smoothed or interpolated wind
analysis fields generated by computer models, rawin-
sonde data represent the actual winds occurring at that
time. In addition, using rawinsonde data avoids the
“bogus vortex” problem inherent in computer simu-
lations. 3) Rawinsonde data have advantages over other
types of data-gathering platforms such as aircraft and
satellites; research and reconnaissance aircraft typically
record data at only one level of the atmosphere and
only near (0°-4°) the cyclone’s center ( Weatherford
and Gray 1988). Although satellites have virtually un-
limited areal coverage, they can only indirectly infer
tropical and subtropical wind fields at two approximate
levels (approximately 200 and 950 mb), and only with
confidence when clouds are present.

Tropical cyclones, especially recurving tropical cy-

! “Tropical cyclone” in this paper refers to any warm-core cyclon-
ically rotating storm system with sustained wind speeds of 17 m s™!
or greater.

clones, often spend the majority of their lifetimes over
data-sparse ocean areas. Consequently, to obtain sta-
tistically valid samples, rawinsonde data for multiple
cases must be composited for most purposes. Thorough
descriptions of the rawinsonde compositing techniques
used in this study are given by Gray (1981) and Ru-
precht and Gray (1974 ), and in numerous related Col-
orado State University papers on tropical cyclone mo-
tion (e.g., Hodanish 1991). For our purposes, we will
simply state that there are typically too few rawinsonde
stations sufficiently in proximity of most tropical cy-
clones to allow for detailed analyses of environmental
flow fields surroundmg individual events. However, by
compositing data for many tropical cyclones with sim-
ilar characteristics, most of these data limitations can
be avoided.

The distribution of typical data used for the rawin-
sonde compositing technique are displayed in Fig. 2
on a 15° circular radius grid that is divided into octants,
each spanning a 45° tangential arc. The center of the
grid corresponds to the storm center. The grid is ori-
ented so that octant 1 points to true north.

b. Cyclone track stratifications

Before discussing the parameters of cyclone tracks
in detail, a formal definition of tropical cyclone recur-
vature is needed. According to the Joint Typhoon
Warning Center (JTWC 1988), tropical cyclone re-
curvature is “the turning of a tropical cyclone from an
initial path west and poleward to (a subsequent head-
ing) east and poleward.” As shown in Fig. 3, JTWC
emphasizes the location at which the cyclone’s track
first takes on an eastward component of motion. The
point of initial recurvature will be defined as the “be-
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FiG. 2. Grid used for compositing rawinsonde data. The numbers
inside each radial octant sector represent the number of rawinsonde
observations for the class of cyclones characterized as sharply re-
curving. (The cyclone dataset stratifications are defined in section
2b.)
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F1G. 3. Typical tracks for sharply recurving and gradually recurving
cyclones. The large R represents the beginning of recurvature or R
points; the location where both sharply recurving and gradually re-
curving cyclones first begin to turn to the right from their west-north-
west track. The large ‘X marks the location where the cyclone ac-
tually undergoes recurvature as defined by JTWC.
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ginning of recurvature”, or R point. Figure 3 shows an
example of comparative gradually and sharply recurv-
ing cyclones and the associated R points. In this study,
the location where the sharply recurving and gradually
recurving cyclones first begin to deviate to the right of
their previous west-northwest track is the point of pri-
mary importance. The location in the cyclone track
where this deviation begins marks the point where the
surrounding environmental wind fields first begin to
change the direction of the recurving cyclones. This
study of tropical cyclone motion analyzes the following
four types of recurvature tracks: sharply recurving (SR)
cyclones, gradually recurving (GR) cyclones, left-
turning (LT) cyclones, and nonrecurving (NR) cy-
clones. The distinguishing properties for each of these
four track types are shown in Fig. 4.

For the purposes of this study, a sharply recurving
cyclone is formally defined as a cyclone that changes
direction a minimum of 45° to the right of its previous
west-northwest course within 36 h after passing the R
point, The cyclone must also have undergone recur-
vature (by JTWC definition ) within 48 h after passing
the R point. In addition, sharply recurving cyclones
must have previously moved on a course between 260°
and 330° for a minimum of 24 h prior to reaching the
R point. This last restriction is also necessary (for the
purposes of this study) so that any changes that occur
in the wind fields prior to the beginning of recurvature
can be delineated. A majority of the cyclones that re-
curved sharply had west-northwest tracks that lasted
for more than 48 h. Figure 5 shows a composite analysis
for a portion of the 63 sharply recurving cyclone tracks
that were analyzed in this study.

Gradually recurving cyclones were those cyclones
that changed direction a minimum of 30° (but less
than 45°) to the right of their previous west-northwest

GRADUALLY-RECURVING
CYCLONES

SHARPLY-~
RECURVING
CYCLONES

LEFT-TURNING
CYCLONES

NON-RECURVING
CYCLONES

F1G. 4. Typical tracks for the four basic types of cyclones
defined and analyzed in this study.
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F1G. 5. Tracks of 24 of the 63 sharply recurving cyclones that were
analyzed in this study. The sample size in this figure was restricted
to 24 of the 63 total storms to allow qualitative comparison with the
entire sample of 24 gradually recurving cyclones that is shown in
Fig. 6. Each sharply recurving cyclone track is plotted relative to the
R point.

course within 36 h after passing the R point. These
gradually recurving cyclones must also have undergone
recurvature within 72 h after passing the R point. In
addition, these cyclones must also have been moving
on a course between 260° and 330° for a minimum
of 12 h prior to reaching the R point. Figure 6 shows
tracks for 24 gradually recurving cyclones.

A left-turning cyclone in this study is a cyclone that
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FIG. 6. As in Fig. 5 but for the tracks of the 24 gradually recurving
cyclones that were analyzed in this study. Each gradually recurving
cyclone track has been plotted relative to the R point.

FIG. 7. As in Figs. 5 and 6 but for the tracks of the 29 left-turning
cyclones that were analyzed in this study. Each left-turning cyclone
track is shown plotted relative to the L point.

is on a northerly course but instead of recurving to the
northeast turns back toward the left and resumes a
west-northwest course. The location where a left-turn-
ing cyclone begins to resume a west-northwest track is
termed the “L point”. The L point is thus similar to
the R point of sharply and gradually recurving cyclones,
but where the cyclone turns to the left instead of the
right. More precisely, a left-turning cyclone is a cyclone
that was moving on a course between 320° and 045°
for a minimum of 36 h prior to reaching the L point.
After passing the L point, a left-turning cyclone must
take a heading between 320° and 250° for a minimum
of 36 h. Figure 7 shows a composite of the tracks for
the 29 left-turning cyclones that were identified and
analyzed as part of the study.

To further differentiate sharply recurving and grad-
ually recurving cyclones from those cyclones that con-
tinue moving west throughout their lifetimes, a non-
recurving cyclone dataset was also assembled and an-
alyzed. The nonrecurving cyclones were defined as
cyclones that tracked fairly continuously on a heading
between 260° and 320° throughout their lifetimes.?
Figure 8 shows a portion of the 85 nonrecurving cy-
clone tracks that were analyzed in this study.

¢. Characteristic time periods for cyclone recurvature

The temporal changes in the environmental wind
fields surrounding sharply recurving, gradually recurv-
ing, and left-turning cyclones were characterized for
24-h time segments. This segmentation concept is il-
lustrated in Fig. 9. Time has been measured relative

2 If the cyclone should deviate from its west-northwest course (i.e.,
260°-320°) (but this deviation does not last longer than 24 h), then
the cyclone is still considered a nonrecurving cyclone.
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F1G. 8. Tracks for a sample of 30 of the total 85 nonrecurving
cyclones that were analyzed. As in Fig. 6; the sample size in this
figure has been restricted to allow qualitative comparisons with the
other three classes of recurvature.

to the R point for the sharply recurving and gradually
recurving cyclones, and relative to the L point for left-
turning cyclones. By orienting and analyzing the cy-
clone data in this fashion, it was possible to examine
the interaction between the synoptic-scale wind fields
and the cyclone’s circulation both prior to and after
the cyclones began recurving (or resumed a west-
northwest course in the case of the left-turning cy-
clones).

Tracks for sharply recurving cyclones were divided
into five consecutive 24-h periods. The first three pe-
riods—SRO0, SR1, and SR2 (Fig. 9)—occurred as the
cyclones were moving west-northwest prior to attaining

GRADUAL LY-RECURVING
CYCLONES

SHARPLY—
RECURVING
CYCLONES

LEFT TURNING
CYCLONES

NR3

NON RECURVING
CYCLONES

F1G. 9. Conceptual illustrations of sharply recurving (SRO-SR4),
‘gradually recurving (GR1-GR6), left-turning (LT3-LT6), and
nonrecurving (NRI-NR3) cyclone tracks divided into individual
24-h time segments. Table 1 and Fig. 10 summarize individual char-
acteristics of each time period for each track type. The small “X”
symbols plotted on the cyclone tracks denote the times (0000 and
1200 UTC) when rawinsonde data was collected from the surrounding
northwest Pacific rawinsonde network.
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the R point. The fourth and fifth time periods (i.e.,
SR3 and SR4) occurred after the cyclone had passed
the R point. Similarly, gradually recurving cyclone
tracks were divided into six consecutive 24-h periods
(Fig. 9); in this case, the first two periods, GR1 and
GR2, occurred as the cyclones moved west-northwest
prior to the R point. The remaining four periods—
GR3, GR4, GRS, and GR6—occurred after the cy-
clone had passed the R point. As shown in Fig. 9,
sharply recurving and gradually recurving cyclone pe-
riods | (SR1, GR1), 2 (SR2, GR2), and 3 (SR3, GR3)
are functionally concurrent relative to the R point. By
stratifying the cyclones in this fashion, temporal com-
parisons can be made between gradually and sharply
recurving cyclones as they approach and pass the R
point.

Left-turning cyclone tracks in Fig. 9 were divided
into four consecutive 24-h time periods. The first two
periods, LT3 and LT4, occur before the cyclone
reached the L point, whereas the remaining two peri-
ods, LTS and LT6, occurred after the cyclone had
passed the L point.

Tracks for nonrecurving cyclones were partitioned
differently from the previous three cyclone datasets.
Since no track reference point equivalent to the L or
R points was designated for the nonrecurving cyclones,
the entire length of each nonrecurving cyclone track
was divided into three equal periods. The first period,
NR1 in Fig. 9, represented the first third of the cyclone
track, and similarly thereafter, the remaining two pe-
riods, NR2 and NR3, represented the last two-thirds.
Although nonrecurving cyclone tracks varied both
temporally and spatially, the average length of each
NR period was 50 h. Figure 10 and Table | summarize
information on the mean speed and direction for
sharply recurving, gradually recurving, left-turning, and
nonrecurving cyclone time periods.

GRADUALLY-RECURVING
CYCLONES

SHARPLY -
RECURVING
CYCLONES

LEFT-TURNING
CYCLONES

292°
“49

NON-RECURVING
CYCLONES

NR2

FIG. 10. Composite average speed and direction for each sharply
recurving, gradually recurving, left-turning, and nonrecurving cyclone
time periods. Units are expressed as meters per second.
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) TABLFT 1. Summary of mean observed characteristics for each of the sharply recurving, gradually recurving, left-turning, and nonrecurving
time periods. Standard deviations of about 15° and about 2.5 m s™' were observed for all direction and speed (respectively) classes. (See

section 4 for a discussion of sample variability.)

Average composite

Time No. of time
Name period Description Direction (°) Speed (m s7') periods

Sharply SRO 48-72 h before R point 293 (WNW) 5.0 55
recurving SR1 24-48 h before R point 295 (WNW) 5.5 62
cyclones SR2 0-24 h before R point 304 (WNW) 49 63
SR3 0-24 h after R point 001 (N) 4.5 59
SR4 48-72 h after R point 038 (NE) 7.6 52
Gradually GRt 24-48 h before R point 297 (WNW) 5.4 24
recurving GR2 0-24 h before R point 298 (WNW) 4.9 24
cyclones GR3 0-24 h after R point 329 (NNW) 5.5 24
GR4 24-48 h after R point - 358 (N) 5.9 22
GRS 48-72 h after R point 029 (NNE) 7.8 19
GR6 72-96 h after R point 047 (NE) 9.4 16
Left-turning LT3 24-48 h before L point 332 (NNW) 35 29
cyclones LT4 0--24 h before L point 337 (NNW) 39 29
LT5 0-24 h after L point 288 (WNW) 45 29
LT6 24-48 h after L point 280 (WNW) 4.0 25
Nonrecurving NRI1 First third of track 289 (WNW) 54 78
cyclones NR2 Second third of track 289 (WNW) 5.7 85
NR3 Third third of track 292 (WNW) 49 75

3. Environmental wind fields associated with
recurving, nonrecurving, and left-turning cyclones

a. Basic features

As was discussed in the previous section, the main
objective of this study was to identify those features of
the wind fields surrounding tropical cyclones that gov-

ern recurvature. This objective was attained by first
determining which locations, measured relative to the
center of each cyclone, best differentiated the recurving
from the nonrecurving cyclones. This was accom-
plished by first examining how the outer radius (i.e.,
8° from the center) environmental wind fields of non-
recurving cyclones differ from those of sharply recurv-

TABLE 2. Zonal (top) and meridional (bottom) wind differences between sharply recurving cyclones prior to recurvature (period SR2)
versus the entire track of the nonrecurving cyclones. Units are expressed as meters per second.

Sharply recurving cyclones (period SR2) minus nonrecurving cyclones

p (mb) Octant 1 Octant 2 Octant 3 Octant 4 Octant 5 Octant 6 Octant 7 Octant 8
Zonal wind differences at 8° from cyclone’s center
100 14.5 16.6 7.8 1.8 4.3 35 29 9.3
200 154 16.3 8.7 3.7 3.0 0.4 1.9 4.8
300 9.7 17.6 10.0 2.4 1.4 1.3 0.6 3.7
400 8.5 13.8 8.6 -0.4 -0.1 4.2 —0.7 37
500 6.6 11.6 5.9 -0.1 -1.2 -0.5 -0.2 3.7
600 3.8 6.8 2.4 -1.3 -2.5 -0.5 14 4.0
700 3.0 43 -0.7 -1.8 -2.1 1.7 0.7 2.8
800 3.1 2.2 -0.7 -2.1 -33 2.5 —0.5 2.7
Layer average 8.1 11.2 53 0.3 -0.1 1.6 0.8 4.3
Meridonal wind differences at 8° from cyclone’s center
100 6.4 49 2.0 14 1.7 0.2 0.8 4.2
200 10.9 1.3 -1.9 -0.8 1.9 -0.3 -0.6 4.3
300 5.1 1.4 -3.8 ~1.1 0.7 -0.5 1.1 4.2
400 38 0.9 -0.3 0.9 -0.1 -1.9 29 2.3
500 2.6 0.4 1.3 0.2 -1.2 -0.6 1.7 0.5
600 3.1 0.9 —-0.6 -1.0 -2.6 —-2.3 1.2 0.3
700 1.3 1.9 -0.3 -2.0 -1.7 -0.1 0.7 -0.3
800 1.6 0.7 —0.1 —-1.1 0.2 0.2 1.3 0.1
Layer average 4.4 1.6 -0.5 -0.4 —0.1 -0.7 1.1 2.0
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TABLE 3. Zonal (top) and meridional (bottom) wind differences between gradually recurving cyclones prior to recurvature (period GR2)
versus mean conditions for the nonrecurving cyclones. Units are expressed as meters per second.

Gradually recurving cyclones (period GR2) minus nonrecurving cyclones

p (mb) Octant 1| Octant 2 Octant 3 Octant 4 Octant 5 Octant 6 Octant 7 Octant 8
Zonal wind differences at 8° from cyclone’s center
100 -3.0 8.5 -2.0 -2.7 4.0 44 0.8 2.2
200 ~-1.2 3.4 2.6 -0.7 1.9 0.2 1.6 3.8
300 -2.6 2.7 1.0 -1.9 1.3 1.2 —1.1 1.0
400 ~-1.0 3.7 -0.5 -0.2 -3.1 -1.3 -1.9 -3.6
500 0.5 4.5 1.2 2.1 -1.3 -1.8 1.8 2.2
600 0.7 5.8 0.0 -0.3 0.9 -1.9 —0.1 -2.3
700 2.2 4.1 0.7 -1 -0.4 -1.3 -0.3 0.1
800 32 2.8 -2.1 1.7 0.1 0.0 0.5 -2.1
Layer average -0.2 4.5 0.1 0.4 0.4 -0.1 0.2 -0.4
Meridional wind differences at 8° from cyclone’s center
100 4.3 -0.5 -1.6 -0.9 1.9 -0.6 1.9 -1.8
200 -0.4 -0.1 —1.1 1.1 —4.8 2.6 3.0 -1.8
300 2.3 4.5 -1.0 —0.1 -2.0 2.6 3.1 -1.1
400 34 44 0.8 3.0 1.5 2.2 0.4 0.2
500 1.2 3.8 1.5 —0.2 2.3 0.3 1.3 -1.2
600 2.0 3.4 —0.6 -2.7 —-0.4 1.0 0.8 -1.7
700 2.5 2.4 —0.4 =30 0.3 0.5 0.3 -1.6
800 2.9 1.5 -1.0 -3.6 0.4 0.8 0.4 1.0
Layer average 2.3 2.4 —-0.4 -0.8 —0.1 1.2 1.4 —0.6

ing and gradually recurving cyclones prior (period 2)
to the beginning of recurvature.

Table 2 summarizes the differences between com-
posited zonal and meridional wind data for sharply
recurving cyclones prior to beginning recurvature ver-
sus the. mean track of the nonrecurving cyclones. As
shown in Table 1, at 8° from the center of the cyclone,
the largest wind field difference occurred in the zonal
components of the middle and upper troposphere in
areas to the north, northwest, and west (i.e., octants 1,
2 and 3, respectively). This result was not surprising
considering that the northwest region is where westerly
winds associated with an eastward-moving trough in
the midlatitude westerly wind regime will first begin
to interact with the outer circulation of a cyclone.

Differences between zonal and meridional winds for
gradually recurving cyclones minus nonrecurving cy-
clones (again at 8° from the center) just prior (period
2) to beginning recurvature are summarized in Table
3. By comparing with the data in Table 2, it can be
seen that these differences are significantly smaller than
those observed for the sharply recurving cyclones. The
largest differences once again occur in the zonal com-
ponent in the northwest region (octant 2). As expected,
the large-scale synoptic pattern most favorable for
gradual recurvature was a weakening subtropical ridge
axis. A west-northwest-moving cyclone positioned
southwest of the ridge axis will first encounter this
weakness on its northwest side.

There are two especially outstanding characteristics
of the outer wind field difference values shown in Tables
2 and 3. The first is that both the zonal and meridional
wind field differences equatorward of the cyclone are

comparatively small, even though both the sharply and
gradually recurving cyclones were to begin recurving
within approximately 12 h. The second characteristic
is that the 8° zonal wind field differences in the north-

TABLE 4. Mean zonal winds (top) and zonal wind differences (bot-
tom) for six radial bands of sharply recurving (SR) cyclones minus
nonrecurving (NR) cyclones during periods SR1, SR2, and SR3 in
octant 2. Units are expressed as meters per second.

p

(mb) 4° 6° 8° 10° 12° 14°

Zonal winds for octant 2 sharply recurving cyclones radius from center
cyclone

200 —-L5 4.5 0.9 83 224 228
350 -49 =27 -33 88 16.5 194 period SRI
500 -102 -28 27 6.4 92 127
200 —3.8 0.4 13.7 228 271 306
350 -76 -0.2 11.9 184 239 25.1 period SR2
500 -—-124 32 65 129 145 167
200 1.7 160 205 295 335 355
350 25 169 234 268 274 30.0 period SR3
500 -0.6 6.6 11.5 168 17.9 19.0

Zonal wind differences for octant 2 (SR versus NR) radius from center of
cyclone

200 =23 31 12.8 145 4.7 7.8  period SR2 minus
350 =27 2.5 15.2 9.6 7.4 5.7 period SR1

500 -22 —04 9.2 6.5 5.3 4.0

200 5.5 15.6 6.8 6.7 6.4 4.9  period SR3 minus
350 10.1 17.1 11.5 8.4 35 4.9 period SR2

500 11.8 9.8 5.0 39 34 2.3
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west region (octant 2) are significantly larger than the
meridional wind differences, especially for the sharply
recurving cyclone stratifications.

The preceding discussion has shown that the envi-
ronmental wind fields in the region northwest of the
cyclones are important in discerning between nonre-
curving cyclones versus recurving cyclones prior to re-
curvature. To determine which radial locations (i.e.,
how far from the center) in this region show the most
significant changes prior to and during the beginning
of recurvature, zonal wind fields at various radii for
the sharply recurving and gradually recurving cyclones
were compared for periods 1, 2, and 3. Table 4 shows
these zonal wind and zonal wind differences for sharply
recurving versus nonrecurving cyclones at selected
pressure levels in octant 2 (northwest) for radial belts
extending from 4° through 14°. In SR1, the nearest
significant positive zonal winds (i.e., winds greater than
5 m s ! throughout the layer) are located beyond 10°
radius. In SR2, significant positive zonal winds reach
to within 8° of the center of the cyclones. Although
the zonal wind (difference) changes that occur between
these two time periods (lower portion of Table 4) are
rather large, especially at 8° and 10°, the cyclones at
SR2 remain on a west-northwest course. Between pe-
riods SR2 and SR3, the zonal winds at 6° change sig-
nificantly, shifting from a weak easterly component to
a westerly component; it is between these two time
periods that the cyclones begin sharp recurvature (e.g.,
Fig. 9).

Table 5 shows zonal wind differences (GR — NR)
and the time changes of these differences for gradually

TABLE 5. Zonal winds (top) difference (GR — NR) and time
change of these zonal wind differences (bottom) for gradually re-
curving versus nonrecurving clones during periods GR1, GR2, and
GR3 in octant 2. Units are expressed as meters per second.

14
(mb) 4° 6° 8° 10° 12° 14°

Zonal winds for octant 2 gradually recurving cyclones radius from center
cyclone

200 -32 -94 -49 =25 1.6 7.2
350 -6.7 -74 -73 26 3.1 5.1 period GRI
500 =75 -7.4 -38 -—06 5.0 5.7
200 26 -36 —08 106 89 135
350 =77 -54 —0.8 49 5.3 5.7 period GR2
500 -—114 —-49 —0.6 43 3.6 29
200 ~0.9 1.8 63 122 11.0 16.1
350 —4.8 0.6 4.0 43 7.4 9.9 period GR3
500 —-105 -—LS5 3.7 3.2 5.1 72

Zonal wind differences for octant 2 radius from center of cyclone

200 5.8 S8 4.1 131 7.3 6.3  period GR2 minus
350 —-10 2.0 6.5 7.5 2.2 0.6 period GRI

500 -39 2.2 32 49 -—-14 28

200 —3.5 5.4 7.1 1.6 2.1 2.6 period GR3 minus
350 29 6.0 48 -0.6 2.1 42 period GR2

500 0.9 3.4 43 -1.1 1.5 43
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recurving versus nonrecurving cyclones at selected
pressure levels in octant 2 (northwest), extending from
4° to 14°. The nearest positive zonal winds at GR1
are located beyond 12°. However, during GR2, the
positive zonal winds appear to have penetrated close
to 8°. Note that the largest changes between these two
time periods occur at 8° and 10°, but again, the cy-
clones at GR2 remain on a west-northwest course. Be-
tween periods GR2 and GR3, the zonal winds at 6°
and 8° shift from an easterly component to a westerly
component. It is also between these two periods that
the gradually recurving cyclones begin to recurve.

Tables 4 and 5 show that both the sharply recurving
and gradually recurving cyclones had one feature in
common: The cyclones did not begin to recurve until
positive zonal winds penetrated to within 6° of the
cyclone’s center in octant 2. Zonal winds beyond 6°
could change significantly and have no effect on the
direction of the cyclone. Thus, it was shown that prior
to beginning recurvature, the largest differences be-
tween the wind fields surrounding recurving versus
nonrecurving west-northwest-moving cyclones oc-
curred in the zonal component of the wind field 6° to
8° northwest of the cyclone’s center. Consequently,
the rest of this study will examine details of the zonal
component of the wind field throughout the tropo-
spheric wind field in the area 6°-8° north, northwest,
and west of the four cyclone stratifications. Specifically,
we examine how these winds interact with the cyclone’s
immediate environment as they moved on their re-
spective tracks.

b. Nonrecurving cyclones

Figures 11 and 12 show the zonal wind profiles at
6° and 8°, respectively, for the three nonrecurving time
periods NR1, NR2, and NR3 in octants 1, 2, and 3.
As can be seen in Fig. 11, the 6° wind profiles show
that zonal winds in all three octants are from an easterly
component for all three nonrecurving time periods
throughout the troposphere except in octant 1. Here
(i.e., octant 1), the zonal winds in the upper tropo-
sphere have only a weak westerly component. The 8°
wind profiles in Fig. 12 show that the zonal winds in
octant 1 for periods NR1 and NR2 are easterly but
that westerly zonal winds penetrate into the middle
and upper troposphere during period NR3. The wind
profiles in octant 2 also show that weak westerly zonal
winds have penetrated the 200-400-mb layer at period
NR3. The profiles in octant 3 show that the zonal winds
for all three nonrecurving periods are from an easterly
component throughout the troposphere.

¢. Sharply recurving cyclones

Figure 13 shows the zonal wind profiles for sharply
recurving cyclones at 6° radius during five time periods
in octants 1, 2, and 3. Prior to the beginning of sharp
recurvature (i.e., periods SRO, SR1, and SR2), the 6°
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FIG. 11. Zonal wind profiles at 6° (radial distance from the center) for the three nonrecurving
periods NR1, NR2, and NR3 in octant 1 (upper right), octant 2 (upper left), and octant 3 (lower

left). Units are expressed as meters per second.

zonal wind profiles in octants 1 and 2 show that the
zonal winds are from an easterly component in the
middle and lower troposphere and from a weak west-
erly component in the upper troposphere. The SRO,
SR1, and SR2 zonal winds in octant 3 are from an
easterly component at all levels of the troposphere. The
zonal profiles of the sharply recurving cyclones during
these three periods prior to the beginning of recurvature
are similar to nonrecurving cyclone profiles (cf. Fig.
11) except for the positive zonal winds in the upper

troposphere in octants 1 and 2. Since these relatively
weak positive zonal winds occur during all three periods
prior to beginning sharp recurvature, they are likely
the result of seasonal climatology and are not believed
to be directly related to the sharp recurvature process.

Significant changes in the zonal wind fields take place
in all three octants during period SR3. During the pre-
vious three periods, when the cyclones were moving
west-northwest, zonal winds in the middle and upper
troposphere in all three octants were from an easterly
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or weak westerly component. As the cyclones begin to
recurve sharply during period SR3, zonal winds in the
middle and upper troposphere in all three octants shift
to strong westerly components. As shown in Table 6,
changes in the zonal wind between SR2 and SRO are
minimal. However, once the cyclones begin to recurve
(i.e., SR3) the differences (SR3 — SR2) become quite

large. As the cyclones continued to recurve sharply to -

the northeast (period SR4), zonal profiles in all three
octants become increasingly sheared from the west. The
cyclone direction changes between these time periods
could also be interpreted as motion acceleration to the
northeast.

Zonal wind profiles at 8° for sharply recurving cy-
clones during five periods are shown in Fig. 14. The
profiles in octants 1 and 2 for the first two sharply
recurving time periods (SRO and SR1) show zonal
winds from an easterly component in the middle and
lower troposphere but from a weak westerly component
in the upper troposphere. Note that the profiles at this
radius for these two time periods show characteristics
similar to those of the nonrecurving cyclones during
periods NR1 and NR2 (i.e., Fig. 12). The changes that
occur during period SR2 at 8° are similar to those that
occur between periods SR2 and SR3 at 6°. The mid-
and upper-tropospheric zonal winds in octants 1 and
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2 at 8° shift from an easterly component to a westerly
component between periods SR1 and SR2 (Table 7).
Whereas the zonal component of this wind is in excess

of +10 m s™! in the middle and upper troposphere
during period SR2, the cyclones remained on a westerly
course. As the cyclones begin to recurve during periods

TABLE 6. Temporal changes of the zonal wind during sharply recurving periods SR3 versus SR2 (24-h change), and SR2 and SRO (48-h
change). The changes were observed at 6° from the center of the cyclone in octants 1, 2, and 3. Units are in meters per second.

Sharply recurving cyclones zonal wind differences at 6° radius

Octant 3 (west)

Octant 2 (northwest)

Octant 1 (north)

p
(mb) SR3 — SR2 SR2 — SRO SR3 — SR2 SR2 — SRO SR3 — SR2 SR2 — SRO
100 11.8 3.2 17.1 2.6 10.5 0.9
150 9.9 3. 12.6 -1.1 7.4 —0.2
200 8.7 1.1 15.6 —0.5 7.4 0.2
250 8.7 1.7 19.4 -23 4.9 2.5
300 8.4 4.5 20.8 1.0 6.8 1.6
350 11.0 1.7 17.1 3.5 6.9 2.9
400 8.3 4.7 16.8 1.1 7.0 2.7
500 6.2 4.5 9.8 2.0 3.3 44
600 5.1 3.1 7.1 1.9 0.6 35
700 5.0 1.8 4.1 1.9 0.0 31
800 —0.4 —0.5 5.2 0.6 0.3 2.8
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SR3 and SR4, the zonal profiles at 8° become even

more strongly sheared from the west.

d. Gradually recurving cyclones

Figure 15 and Fig. 16 show the 6° and 8° zonal wind
profiles for the six gradually recurving time periods in
octants 1, 2, and 3. Prior to the beginning of gradual
recurvature ( periods GR1 and GR2), zonal profiles in
octants 1, 2, and 33 at 6° show winds from an easterly
component throughout the troposphere. As the cy-
clones gradually begin to recurve during period GR3,
zonal winds in the middle and upper troposphere in
octant 2 and in the midtroposphere in octant 3, shift
from an easterly to a westerly component. However,
zonal winds in octant 1 remain negative in nearly all’
levels of the troposphere. The changes in the zonal wind

3 The data at period GR1 at 6° and 8° in octants 1 and 2 were
limited to two to five observations. No data were available at these

radii in octant 3.

fields at specific heights between periods GR2 and GR3
are summarized in Table 8. As the cyclones continued
to recurve during periods GR4, GRS, and GR6, zonal

TABLE 7. Changes in the zonal wind between sharply recurving
time periods SR2 and SR1 (24-h change), and SR1 and SRO (24-h
change). The differences are taken at 8° from the center of the cyclone
in octants 1 and 2. Units are in meter per second.

Sharply recurving cyclones zonal wind differences
at 8° radius

Octant 2 (northwest) Octant 1 (north)

p
(mb) SR2 -SRI SRI—-SRO SR2-SRI SRI-SRO
100 4.6 3.2 12.7 3.9
150 7.9 —0.2 12.6 6.9
200 12.8 —5.1 16.5 4.4
250 8.2 —0.4 18.8 1.2
300 18.0 -3.1 10.7 3.2
350 15.2 —2.6 9.3 3.5
400 12.3 -0.3 8.2 3.3
500 9.2 -1.6 5.7 2.8
600 49 -1.3 2.5 1.3
700 4.5 —3.1 -0.7 1.2
800 4.7 —4.0 —-1.0 0.8
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FIG. 15. Zonal wind profiles at 6° during the six gradually recurving periods in octant 1 (upper right),
octant 2 (upper left), and octant 3 (lower left). Units are expressed as meters per second.

winds in the middle and upper troposphere became
positive and increased gradually in speed in all three
octants.

TABLE 8. Gradually recurving zonal wind fields at 6° during periods
GR2 and GR3 in octants 2 and 3. Note that the zonal winds shift
from an easterly to a westerly component between periods GR2 and
GR3. Units are meters per second.

Octant 3 QOctant 2
(west) (northwest)
14
(mb) GR3 GR2 GR3 GR2
100 —-11.0 —-17.2 —5.6 =79
150 -53 -95 2.3 -1.3
20